Desmoplakins (DPs) I and II (%240 and -210 kDa) are major components of the internal portion of the desmosomal cytoplasmic plaque. Desmosomes play a crucial role in cell-cell adhesion and serve as specific attachment sites for cytoplasmic intermediate riaments. Although DP-I and -II are closely related molecules, their structure (i.e., amino acid or DNA sequence) has not been determined. In addition, it is not known whether these proteins are derived from one or more genes or whether they result from posttranscriptional or posttranslational events. This paper describes the isolation and characterization of eight DP cDNA clones from a bovine Agtll expression library. Fusion proteins from six of these clones selected antibodies that reacted with DP-I and -II and two selected antibodies that reacted with DP-I alone. Antibodies made against fusion protein produced by the DP1A clone reacted specifically with DP-I and -II on immunoblots. When used for indirect immunofluorescence on bovine tongue cryostat sections and cultured mouse keratinocytes, these antibodies produced a typical desmosomal staining pattern. RNA blot analysis demonstrated hybridization of three DP-I/iI cDNA probes with two messages of %7.5 and %9.5 kilobases in bovine tongue RNA. In contrast, a cDNA clone that affinitypurified antibodies reacting with DP-I only hybridized exclusively with the 9.5-kilobase band. Southern blots of genomic DNA digested with a panel of restriction enzymes were hybridized with one probe derived from a DP-I/ll clone and with one from a DP-I clone. Both probes hybridized with single bands of the same size in each digested sample of DNA. Together, these data suggest that DP-I and DP-ll are translated from two separate messages in bovine tongue and that these messages may be derived from a single gene.
Desmoplakins (DPs) I and II (-=240 and "210 kDa) are closely related proteins that have been localized to the internal portion of the cytoplasmic plaque of spot desmosomes (1) (2) (3) . Desmosomes (macula adhaerens) are intercellular junctions regarded as playing a crucial role in cell-cell adhesion as well as providing specific attachment sites for cytoplasmic intermediate filaments (4) (5) (6) . Although the DPs are major constituents of the desmosome, little is known regarding their molecular structure (including amino acid and DNA sequence as well as their higher-order structure), their synthesis and expression in cells and tissues, or their possible interactions with other desmosomal and cytoplasmic proteins such as intermediate filaments.
The conclusion that the two DP polypeptides are closely related is based on similarities in their solubility characteristics, isoelectric points, tryptic peptide maps, amino acid composition, and immunological criteria (7, 8) . Monospecific polyclonal and monoclonal antibodies react with both DP-I and -II (9) . Although there are several monoclonal antibodies that react only with DP-I, none specific for DP-II has been reported (9) . The distribution of the DPs in cells and tissues of a variety of organisms has been determined by using monoclonal and polyclonal antibodies (9) (10) (11) (12) . Immunoblotting studies have shown that DP-I and -II are both present in stratified and pseudostratified epithelia (9) . In contrast, only DP-I is seen in simple epithelia and in the intercalated discs of the heart (1, 9) . Although the DPs are present throughout all layers of the epidermis, the lack of DP-II-specific antibodies has prevented the localization of DP-II.
The genetic basis for the expression of DP-I and DP-II is unknown. Because of their similarities, it is possible that DP-II results from a specific posttranslational proteolytic event or perhaps from processing of a single transcript. Alternatively, DP-I and DP-II might represent the products of two different genes. Due to the lack of molecular probes, it has not been possible to determine the number of mRNAs or genes encoding the DPs. In this paper, we describe the isolation of eight DP cDNA clones from a bovine Agtll library. We present evidence suggesting there may be a single gene for the bovine DPs and that transcription of this gene results in two messages of =z7.5 and ""9.5 kilobases (kb) in stratified bovine tongue epithelium. These data are consistent with a transcriptional or posttranscriptional mechanism of regulation for the production of DP-I and -II.
MATERIALS AND METHODS

Construction and Screening of a Bovine Tongue Agtll
Library. Double-stranded cDNA was synthesized from bovine tongue epithelial mRNA (13, 14) , EcoRI sites were protected by methylation, and EcoRI linkers were added. The cDNA was ligated to dephosphorylated EcoRI-digested Agtll DNA and packaged (13) to produce a library of 1.5 x 106 independent clones. The library was amplified by growth on plate lysates in Escherichia coli strain Y1090.
This library was screened with two rabbit polyclonal antibodies (15, 16) , which were analyzed by immunoblotting against whole bovine tongue epidermal proteins separated by NaDodSO4/PAGE and subsequently transferred to nitrocellulose (17) . One antibody (15) was affinity-purified by using diazotized blotting paper as described by Olmsted (18) . A total of 1.25 x 106 plaques were screened according to Young and Davis (19) except that a peroxidase-conjugated second antibody was used to visualize the reactions. Positive plaques were rescreened until a plaque-pure population was achieved. In the case of clones identified with the unpurified anti-DP antibody, phage stocks were tested with small amounts of affinity-purified antibody as described below.
Epitope Selection. Plaque lifts of nitrocellulose-bound fusion protein were used to select specific antibodies from the whole antisera as described by Weinberger et al. (20) .
Abbreviation: DP, desmoplakin.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Selected antibodies were tested by immunoblotting on nitrocellulose transfers of whole epidermal proteins and desmosome-enriched fractions. Desmosome fractions were isolated as described (21 Antibody Production and Immunofluorescence Microscopy. Polyclonal antibodies were produced as described (22) . Cryostat sections (-5 ,um) and cultured mouse keratinocytes were prepared for immunofluorescence as described (2, 23) .
RNA and Genomic DNA Blot Hybridization. Total bovine tongue epithelial RNA (25 ,ug per lane) was separated on 0.7% agarose/6% formaldehyde gels (24) and transferred to nitrocellulose (13) . Blots were probed with 32P-labeled DP cDNAs (13, 25) under standard conditions (13) . Bovine liver DNA (20 ,ug per lane) was digested with BamHI, EcoRI, and HindIII, run overnight on a 0.7% agarose gel, and transferred to nitrocellulose in lOx SSC (26) (1 x SSC = 0.15 M sodium chloride/0.015 M sodium citrate, pH 7). Filters were hybridized (1-5 x 106 per ml) for 24 hr at 42°C in the same buffer as above with the addition of 200 ,ug of yeast tRNA per ml. Southern blots were washed in 2 x SSC/0.1% NaDodSO4 at room temperature, and then in 1 x SSC/0.1% NaDodSO4 at 650C. d RESULTS Two polyclonal antisera directed against the DPs were used to screen the bovine Agtll library. Reaction of these antibodies with whole bovine epidermal proteins is shown in Fig. 1 . The first antiserum reacted with several lower molecular weight species in addition to DP-I (240 kDa) and DP-II (210 kDa) on nitrocellulose blots (lane b) and thus required affinity purification. After purification, the antibody reacted exclusively with DP-1 and -II (lane c). At a 1:250 or greater dilution, the second DP antiserum reacted specifically with DP-I and -II (lane d). Initial screening of 250,000 recombinants with the affinity-purified antibody resulted in the identification of one putative DP clone, called DP1A. The second antibody was used to screen 1 x 106 clones, yielding 16 clones that were then tested with small amounts of affinity-purified antibody as shown in Fig. 2 .
Phage stock from each clone (1 Il) was spotted onto a bacterial lawn of Y1090 and allowed to form a large plaque (row a). Isopropyl f3-D-thiogalactoside soaked nitrocellulose strips were overlaid onto these spots and subsequently reacted either with whole antiserum (row b), affinity-purified antibody (row c), or the first DP antibody, which was used to identify the original DP1A clone (row d). Seven of the 16 clones reacted with affinity-purified antibody: DP1OA, DP12A, DP12B, DP13A, DP14A, DP16A, DP16B. In addition, 4 of these also reacted with the first DP antibody (DP12A, -12B, -13A, -14A). Thus, including DP1A, 8 putative DP cDNA clones were isolated. EcoRI digestion of DNA isolated from each clone produced cDNA inserts that ranged in size from 150 to 300 base pairs.
Antibodies were purified from the complex polyclonal antisera by binding to and subsequent elution from nitrocellulose filters containing fusion protein from each clone. These selected antibodies reacted with immunoblots of desmosome fractions and whole tongue epidermal proteins. Fig. 3 illustrates the two patterns of reactivity observed. Antibodies selected by DP12B reacted with DP-I only (lanes b and e); two clones (DP1OA and DP12B) fell into this category. Antibodies selected with clone DP16A reacted with both DP-I and -II (lanes c and f); six of the clones (DP1A, DP12A, DP13A, DP14A, DP16A, DP16B) fell into this category. None of the clones identified so far affinitypurify antibodies that react with DP-II only. Cross-hybridization studies (data not shown) revealed that DP16A and DP16B cross-hybridize and DP12A and DP14A crosshybridize.
Fusion protein produced by a lysogen of the DP1A clone was purified from a crude cell lysate by affinity chromatography on a fl-galactosidase-specific monoclonal antibody column. As shown in Fig. 4A , DP1A produces a fusion protein of 126 kDa, -10 kDa larger than f8-galactosidase (116 kDa), consistent with the -300-base-pair size of the cDNA insert. The purified fusion protein (lane 3) was used for both affinity purification of the screening antibody and production of an anti-fusion protein antibody in a mouse and a rabbit. Fig. 1, lane d) ; c, nitrocellulose strip reacted with affinity-purified antiserum (note that DP1OA, -12A, -12B, -13A, -14A, -16A, and -16B react); d, reaction with the affinity-purified antibody used in Fig. 1, lane The immunoblotting results, using these selected antibodies and the anti-fusion protein antibodies to react with desmosome fractions transferred to nitrocellulose, are shown in Fig. 4B . Both the selected antibodies as well as the mouse and rabbit anti-fusion protein antibodies react specifically with DP-I and -II.
The anti-DPlA fusion protein antibodies were used in indirect immunofluorescence experiments to localize the antigenic determinants encoded by the DP1A clone in tissues and cells. These antisera were affinity-purified against the fusion protein prior to use. A discontinuous intercellular pattern of fluorescence staining was observed in bovine tongue epidermis (Fig. 5a ). This is the same pattern observed when a bona fide DP 5) , and HindIll-(lanes 3 and 6) digested bovine DNA were run on a 0.7% agarose gel, transferred to nitrocellulose, and probed with radiolabeled DP16B (lanes 1-3) or DP12B (lanes 4-6).
Cell Biology: Green et al. Proc . Natl. Acad. Sci. USA 85 (1988) culture also reacted with the anti-DPlA fusion protein antibody; a typical intercellular desmosomal staining pattern was seen (Fig. 5b) .
Three cDNA clones that epitope-selected antibodies that react with DP-I and -II (DP1A, DP13A, DP16B) and one that selected antibodies that react with DP-I (DP12B) were used to make 32P-labeled probes for RNA blot hybridization. Fig.   6 shows hybridization of DP16B and DP12B with the same preparation of bovine tongue RNA. The DP16B probe hybridized with two bands in tongue RNA, =9.5 and 7.5 kb (Fig. 6A, lane 1) . DP12B hybridized with the larger 9.5-kb band only (lane 2). A labeled human actin probe (27) hybridized to a band of the expected size (2.1 kb) for bovine /3-and y-actin (lane 3). Genomic Southern blot analysis was carried out to determine the approximate gene number for the DPs, using the same DP16B and DP12B probes. Hybridization with BamHI, EcoRI, or HindIII-digested bovine DNA revealed single bands, and both the DP16B and DP12B probes hybridized with bands of the same size (Fig. 6B ): ==9.4 kb for BamHI (lanes 1 and 4) , 416.5 kb for EcoRI (lanes 2 and 5), and -4.9 kb for HindIII (lanes 3 and 6).
DISCUSSION
The expression and distribution of the DPs have been studied by immunolocalization and immunoblotting in a variety of tissues and cells in culture (9) (10) (11) (12) . However, little is known regarding the molecular structure, genetic organization and expression, or the possible interaction of DP-I and -II with other desmosomal components or cytoplasmic structures such as intermediate filaments. In addition, nothing is known about the specific expression or functions of DP-I versus DP-II. To gain insights into some of these questions, we have isolated eight DP cDNA clones from a Agtll expression library and have generated several independent lines of evidence supporting the conclusion that these cDNAs encode the DPs.
Initial identification of the clones was based on the reaction of fusion proteins with affinity-purified DP antibody. Fusion protein from these clones was then used to select epitope-specific antibodies from the whole antiserum, and these selected antibodies were analyzed by immunoblotting. Two fusion proteins selected antibodies that reacted with DP-I only; the other six reacted with both DP-I and -II. In addition, all of the clones tested so far hybridize with messages of the correct size on RNA blots. In the case of DP1A, immunoblotting and immunolocalization of two antibodies directed against the fusion protein were also carried out. These antibodies reacted with both DP-I and -II on immunoblots and resulted in a discontinuous intercellular pattern of immunofluorescence in bovine epithelial tissue and in mouse keratinocytes in culture. This is consistent with the identification of the clone as a DP cDNA; in addition, the fact that the anti-fusion protein antibody reacts with mouse cells indicates that this epitope is conserved in murine species. This is not surprising, since Cowin et al. (9) have shown widespread immunological cross-reactivity among DPs from a variety of species.
One of the most intriguing questions regarding DP-I and -II concerns their relationship to one another-i.e., their genetic origin. Immunological data, peptide map analysis, amino acid composition, isoelectric point, and solubility characteristics all indicate that DP-I and -II are very similar. All antibodies, polyclonal or monoclonal, so far reported react with DP-I only or with DP-I and -II, but not with DP-II only. Consistent with this, among the cDNA clones identified, no clones selected antibodies that react only with DP-II. These facts raise the possibility that DP-II might be a proteolytic product of DP-I. However, we have shown here that two messages (=9.5 and t7.5 kb) hybridize with a DP clone whose fusion protein selects antibodies reacting with both DP-I and -II on immunoblots. In addition, a clone whose fusion protein selects DP-I antibodies only, reacts with the 9.5-kb message exclusively. These results suggest that the 9.5-kb message encodes DP-I and the 7.5-kb message encodes DP-II. They are consistent with a transcriptional or posttranscriptional, rather than posttranslational, origin for DP-I and -II in stratified tissues.
Both the DP16B (DP-I/II) and DP12B (DP-I specific) probes hybridized with single bands of the same size on genomic Southern blots of bovine DNA. Consistent with this, a 1-kb human DP cDNA that hybridizes with both the bovine cDNAs (DP16B and DP12B) has been isolated (K.J.G. and E. Farris, unpublished results). Although it is formally possible that there are two tightly linked genes, it seems most likely that DP-I and -II are derived from a single gene, which either produces two transcripts of a different size or a single transcript that is differentially spliced to produce two messages in stratified epithelium.
These results raise some interesting questions regarding regulation of DP expression in stratified versus simple epithelia or cardiac tissue and, ultimately, regarding the possibility that DP-I and DP-II serve different functions. Mechanisms by which multiple transcripts result from a single gene in a tissue-specific or developmentally dependent manner are poorly understood. There are several instances in which developmental or tissue-specific processing occur-e.g., the Drosophila myosin heavy-chain gene (28) , myosin lightchain gene (29) , and the chicken N-CAM gene (30) . In the latter case, a single gene produces two messages that result from differential splicing of a single transcript. The larger of the two N-CAM polypeptides, which differ by -250 amino acids, is restricted to the nervous system of the chicken. In contrast, the smaller polypeptide is found in neural tissues as well as on the cell surface of nonneuronal tissues. This situation is very similar to that of DP-I and -II.
In the intermediate filament gene family, there is also evidence of multiple messages being produced by a single gene. In the case of the chicken vimentin gene, multiple polyadenylylation sites result in the production of at least three functional vimentin mRNAs (31) . However, all of these produce identical vimentin polypeptides. Lamins A and C, which represent another class of intermediate filament-like polypeptides, are also translated from separate messages that probably result from alternative splicing (32, 33) . Some investigators have suggested that the DPs may have epitopes common to intermediate filament proteins (34) . Therefore, an understanding of the mechanisms of regulation of intermediate filament protein genes may ultimately contribute to our understanding of DP regulation. In any case, the DP system may provide additional insights into how more than one message is produced from a single gene in a developmental or tissue-specific manner.
The pattern of DP-I and DP-II expression is consistent with an important, and perhaps different, function for DP-II. The correlation of the presence of DP-II with stratification of tissues may be a significant one. It is interesting to note that some cell lines derived from stratified epithelia do not stratify when grown in culture (e.g., A431 and TR-146). At the protein level, it appears that these cells show little if any expression of DP-II. In addition, Jones and Goldman (2) have shown that in primary mouse epidermal cells, which do stratify in culture, DP-II is not associated with the cytoskeletal fraction until the onset of stratification, but it is seen in increasing amounts as Ca2+-induced differentiation proceeds. These facts suggest that the expression of DP-II is dependent on factor(s) related to the stratification process as suggested (9) . Clearly, DP-II-specific probes (antibody and nucleic acid) will be useful in studying the expression and distribution of DP-II in stratified cells and tissues. By using 2616 Cell Biology: Green et al. Proc . Natl. Acad. Sci. USA 85 (1988) 2617 a molecular approach such as the one described here, it should be possible to identify DP-II-specific epitopes, if such epitopes exist, or perhaps DP-II-specific regions in the 5' or 3' untranslated sequences of the DP-II message. Ultimately, determination of the complete sequence for the DP mRNAs and the DP gene should provide invaluable information, not only with regard to the regulation of expression of these important structural proteins, but also with regard to their possible interactions with other junctional and cytoplasmic components.
